Latitudinal, genetic variation in body size is a commonly observed phenomenon in many invertebrate species and is shaped by natural selection. In this study, we use a chromosome substitution and a quantitative trait locus (QTL) mapping approach to identify chromosomes and genomic regions associated with adaptive variation in body size in natural populations of Drosophila melanogaster from the extreme ends of clines in South America and Australia. Chromosome substitution revealed the largest effects on chromosome three in both continents, and minor effects on the X and second chromosome. Similarly, QTL analysis of the Australian cline identified QTL with largest effects on the third chromosome, with smaller effects on the second. How-
Introduction
Morphological traits usually show continuous, quantitative variation in natural populations. For many such traits an underlying genetic basis has been demonstrated. Recently, many attempts have been made to identify the genetic loci underlying variation in several quantitative traits. The identification of such loci would be critical in an evaluation of models aiming to determine how genetic variation for adaptive quantitative traits is maintained in natural populations and whether the loci at which variation occurs within a population are the same as those that cause divergence between populations and species (Mackay, 2001) .
The genetic architecture of quantitative traits has been examined by analysing natural variation among or within species and, in the majority of cases, variation among inbred laboratory strains that sometimes were artificially selected for trait variation. In particular, abdominal and sternopleural bristle number variation has been the focus of many such analyses. As an ideal model trait, it has been used for over 50 years to estimate fundamental quantitative genetic parameters and many candidate genes associated with trait variation have been characterized genetically (Long et al, 1995; Gurganus et al, 1999; Nuzhdin et al, 1999) . Studies based on laboratory ever, no QTL were found on the X chromosome. We also compared the coincidence of locations of QTL with the locations of five microsatellite loci previously shown to vary clinally in Australia. Permutation tests using both the sum of the LOD scores and the sum distance to nearest QTL peak revealed there were no significant associations between locations of clinal markers and QTL's. The lack of significance may, in part, be due to broad QTL peaks identified in this study. Future studies using higher resolution QTL maps should reveal whether the degree of clinality in microsatellite allele frequencies can be used to identify QTL in traits that vary along an environmental gradient. Heredity (2002) 89, 145-153. doi:10.1038/sj.hdy.6800121 populations have further looked at other morphological and life history traits such as wing shape (Weber et al, 1999; Zimmerman et al, 2000) and longevity (Vieira et al, 2000; Leips and Mackay, 2000) .
Fewer studies have aimed at detecting quantitative trait locus (QTL) of traits that vary between species like sexually selected morphological or hybrid incompatibility traits (Liu et al, 1996; Macdonald and Goldstein, 1999; Zeng et al, 2000) . Likewise, only a few studies have investigated QTL for naturally occurring phenotypic variation within species. For instance, Laurie et al (1991) analysed associations between polymorphisms within the Adh gene and variation in ADH protein level for a number of chromosomes derived from natural populations. Other studies have mainly focussed on the allelic effects of candidate loci on bristle number variation (Lyman and Mackay, 1998; Lyman et al, 1999; Long et al, 2000) . Identification of the precise DNA polymorphisms or quantitative trait nucleotides (QTN) that contribute to continuous variation are of great interest, as they will provide insight into the genetic nature of adaptation. Comparing the results of studies of quantitative traits at the within and among-species level will allow an evaluation of whether traits that diverge during speciation arise out of the standing variation within species. Furthermore, analysis of naturally occurring variation may reflect the genetic architecture underlying this trait under natural selection more accurately than variation based on artificial selection in the laboratory (Harshman and Hoffmann, 2000) .
The causes of continuous variation of body size along latitudinal gradients have long been of major interest to evolutionary biologists. Among ectotherms, these studies Heredity have mainly focussed on Drosophila melanogaster for which clinal body size variation has been demonstrated on many different continents (Imasheva et al, 1994; James et al, 1995 James et al, , 1997 vant Land et al, 1999) . This repeatability of an increase in body size with latitude strongly suggests that variation of this trait has been shaped by natural selection. D. melanogaster has only recently colonized different regions around the world. It has been demonstrated, however, that the rate of evolution of body size clines in Drosophila can be very fast on a continental scale (Huey et al, 2000) . Consequently, it would be interesting to identify the genes that have contributed to adaptation under natural conditions to understand the evolution of trait variation along environmental gradients. So far, QTL mapping has been restricted to a small number of model organisms for which a set of molecular mapping tools is available. Furthermore, the mapping procedure itself is costly and time consuming as laboratory maintenance and repeated crossing is necessary. It is therefore of great interest to develop methods that allow localization of QTL in a more efficient way that can also be applied to species for which conventional mapping approaches are not suited. Organisms that show clinal variation for a quantitative trait along an environmental gradient may provide an ideal scenario to analyze marker trait associations by testing for clinal allele frequencies of otherwise neutral molecular markers.
In this study we tested for chromosomal and QTL effects on natural variation in body size, measured as wing area, in D. melanogaster. To obtain an estimate of the relative contribution of each of the three major chromosomes to body size variation, a chromosome substitution procedure was employed in flies from latitudinal transects in Australia and South America. Clinal variation in body size in these flies has been described previously (James et al, 1995; vant Land et al, 1999) . The presence of the Australian cline was reconfirmed in a later study (Gockel et al, 2001) . Comparison of the chromosomal effects in two different clines further allowed us to determine whether the chromosomal basis of these two clines is the same. In both continents major effects have been found on the third chromosome and minor but still statistically significant effects on the X and second chromosome.
These effects have been further analysed in a genomewide screen for QTL in the Australian cline. QTL mapping was carried out for crosses of inbred lines that were set up from populations at the extreme ends of the clinal distribution to obtain maximum phenotypic difference between the parental lines. We employed a genetic map using microsatellite markers with an average spacing of 7.1 cM across the three major chromosomes of the Drosophila genome. Using composite interval mapping, we show that the largest part of genetic variation is explained by QTL found on the third chromosome, confirming the results of the chromosome substitution. No QTL were detected on the X and only minor effects on the second chromosome. To obtain indirect estimates of QTL locations in populations along the Australian body size cline, microsatellite markers that previously have been shown to express different levels of clinality (Gockel et al, 2001) were tested for their positions underneath the QTL probability curve. Clinal markers, ie markers for which latitude explained a significant proportion of the total variation, showed a greater tendency to be located underneath a QTL peak, but this trend was not significant.
Materials and methods

Chromosome substitution
The populations used have been described elsewhere (Azevedo et al, 1996; Gilchrist and Partridge, 1999; vant Land et al, 1999; Zwaan et al, 2000) . Briefly, the South American populations were collected in 1995 from Guayaquil (Equador, 2.22°S) and Puerto Montt (Chile, 41.50°S). The Australian populations were collected in January 1997, from sites at Cygnet (Tasmania, 43.15°S) and Innisfail (Queensland, 17.30°S). All populations have been maintained since collection in bottle culture at 25°C. Over the course of five generations, individual chromosomes from low latitude (Small) lines (SSS) were inserted one at a time into the high latitude (Big) background (BBB) and vice-versa to produce all six possible combinations of substitution lines (SBB, BSB, BBS, BSS, SBS, SSB). Flies were crossed to SM5/bwVI; TM3/TM6 stocks (see Lindsley and Zimm, 1992 for details of balancers) following standard procedures. All crosses were performed at 25°C. For the South American and Australian cline a total of 80 and 90 female wild-type flies, respectively, from each population were crossed against balancers, and multiple flies were used in each generation to produce outbred chromosome substitution lines. Wing area was measured in flies reared at standard low density (50 larvae per vial, five vials per line). From each vial, 12 males and females were measured for all six lines from both continents.
Inbred and parental lines for QTL mapping
Isofemale lines were established from wild female flies collected at two sites from the east coast of Australia. Flies from the northern population near Cape Tribulation in Queensland (MEG, latitude: 16.85, longitude: 145.46) were collected in March 1998 and from the southern population at Domineys in Tasmania (DOM, 43.09, 147.24) in January 1998. These lines were maintained in the lab on standard fly food at 25°C for 10-14 generations. Seven DOM and five MEG lines were inbred, first by mating two males with two females for five generations, followed by single pair matings for another five generations. Following inbreeding, lines were maintained at 25°C for another 16 generations until the start of the experiment.
Parental lines for generation of F 3 flies were chosen according to the number of diagnostic maternal and paternal markers and their phenotypic difference in size. One fly each from all 12 inbred lines was genotyped for a subset of 19 microsatellite markers. Wing size was measured for 10 females from each line, reared in one vial per line at 50 first instar larvae per vial. Size differences between females of MEG and DOM lines ranged from 2.6 to 7.2 standard deviations. The inbred lines MEG4 and DOM20 gave the most optimal combination of size difference and number of diagnostic markers. To estimate possible effects of inbreeding depression on body size, wing size was compared between inbred lines and wild type isofemale lines. Changes in body size due to inbreeding only occurred in MEG4, which was significantly larger after inbreeding (F = 52.03, P = 0.002). The overall size difference between MEG4 and DOM20 stayed highly significant (F = 345.87, P Ͻ 0.001).
There was no significant difference in the number of cells in the measured compartment of the wing between females of the parental lines (t-test: P = 0.47). If cell size contributed to the difference in wing area, we would expect a significant difference in the number of trichomes counted in the sampling square. Therefore, essentially all the difference in total wing area was due to variation in cell number.
Generation of F 3
To further increase the number of diagnostic markers within the chosen line combination, five crosses were set up with a MEG4 female and a DOM20 male. One cross produced no progeny. The parents of the remaining four crosses were genotyped for a set of 56 microsatellite markers suitable for mapping (list can be obtained from the authors; for further details on markers see http:// www.ucl.ac.uk/biology/goldstein/Mlist1.htm). Between 32 and 37 markers were homozygous and different between the parental flies and the cross with the highest number was chosen for further analysis. To minimize the influence of non-genetic maternal effects on body size, density was controlled for two generations prior to measurements. F 2 flies were set up by counting 500 eggs into a bottle of standard fly medium. In the next generation, eggs were collected from the randomly intercrossed F 2 flies on grape juice agar and 500 first instar F 3 larvae were picked into one large bottle with standard fly medium to reduce environmental effects (eg, due to slight changes in food composition in different bottles). All flies were reared at 25°C. Two weeks after the larval pick, all adult female flies were frozen for size measurement and scoring of microsatellite markers.
Size measurement
The right wing of female flies was mounted with the dorsal side facing up on microscope slides in Aquamount. Wing images were captured using a compound microscope (2.5× objective) with an attached video camera connected to a Macintosh computer. Wing area was determined using the Object-Image program (by Norbert Vischer, based on the public domain NIH Image and available at http://simon.bio.uva.nl) to calculate areas and record coordinates of all landmarks. The area measured consisted of a polygon whose vertices were the humeral-costal break, the distal ends of longitudinal veins, and the base of the alula. The polygon area measurement is highly correlated with wing area as measured by tracing an outline on a graphics tablet (Gilchrist and Partridge, 1999) , and has the advantages of being faster and more reproducible. Sizes were recorded in pixels and converted into mm 2 .
Molecular markers
A total of 41 microsatellite markers was used to determine parental alleles in the F 3 offspring. Markers were dispersed on all three chromosomes with 10 on the X chromosome, 17 on the second and 14 on the third. The average spacing was 6.7 cM on the X chromosome, 6.6 cM on the second and 7.9 cM on the third chromosome. The largest gap of 28.5 cM was found on the third chromosome. The sources of the markers are given in Appendix 1. Eight of the microsatellite markers used were identified using the BDGP Pattern Search (http://www.fruitfly.org). Primers were designed using the online software Primer3.cgi (version 0.2b). For three out of the 29 markers that were previously identified, either one or both primers were redesigned to optimize mulitplex conditions.
Heredity
Genotyping DNA was extracted from single F 3 flies (Gloor et al, 1993) . PCR reactions were performed in pre-aliquoted plates (Advanced Biotechnologies) containing 0.2 mM each dNTP, 2.5 mM MgCl 2 , 75 mM Tris-HCL, 20 mM (NH 4 ) 2 SO 4 , 0.01% Tween 20 and 0.31 units of Taq polymerase. One microlitre each of DNA extract and primermix of between two and five markers were added for a final reaction volume of 13 l. Concentrations for each primer pair in the mix were adjusted and final concentrations in the PCR reactions ranged from 0.04-0.54 M (Appendix 1). Two markers (DRONANOS, AC004307) were amplified on their own. All amplifications were carried out in a GeneAmp PCR 9700 system (Perkin-Elmer) using the cycle profile: 94°C 4′, (94°C 30″, 53°C 30'', 72°C 30″') × 25, 72°C 8′. For specificity and sensitivity of the PCR reaction, amplifications were prepared in the following order: DNA was pipetted into the lids of 96-well plates (0.2 ml); primer-mix was added to the prealiquoted PCR reaction mix; lids were attached, the plate centrifuged 1′ at 1000 rpm and placed in the preheated thermocycler ('hot start' PCR). Allele sizes were scored on an automated sequencer (ABI 377) by using GeneScan 2.1 and Genotyper 2.5 software (Perkin-Elmer). The following multiplex or primer combinations were pooled and run in the same gel lanes (Appendix 1): M8 and N5 (P1), M10 and marker 95 and 20 (P2), M13 and M14 (P3). Therefore, to score genotypes at 41 loci, 14 PCR reactions and 10 gel-lanes were needed for each individual.
Analysis of chromosome substitution
The contributions of the individual chromosomes and their interactions to variation in body size were analyzed separately for each sex and continent using a least squares analysis (Kearsey and Pooni, 1996) . Data from flies from different vials were pooled, because no significant vial effects were found. The analysis was performed using the software package JMP 3.2.2 (SAS, 1997).
QTL analysis QTL were identified by composite interval mapping (Zeng, 1994) using model 6 (Composite Interval Mapping) in QTL Cartographer 1.14 (Basten et al, 1997;  ftp://statgen.ncsu.edu/pub/qtlcart/) on a randomly mated third generation intercross (RF3). CIM tests the hypothesis of the presence of a QTL in a given interval between two adjacent markers while simultaneously controlling for effects of linked QTL on the same chromosome outside the test interval and a predefined test window to the left and the right of the interval. This window size was chosen to be 10 cM as default. Variation in window size (1 cM, 5 cM and 15 cM) did not change the number of QTL identified by this procedure. Model 6 also controls for genetic background by including a number of markers, in this case nine, that were previously ranked in a forward regression with backward elimination procedure. The statistical properties of CIM mapping procedures have been analysed in detail by Zeng (1994) . Briefly, CIM provides an interval test in which the test statistic is unaffected by all statistically relevant QTL which are located outside the interval being tested and two adjacent intervals. Therefore, its precision is increased due to an increased sensitivity of the test statistic to the position of a QTL. However, it is conditioned on other markers in the multiple regression analysis, which may entail a loss of statistical power to detect QTL (Zeng, 1993) . The likelihood ratio test statistic LR = −2 ln (L 0 /L 1 ) is the ratio of the likelihood that a QTL is present in a test interval relative to the null hypothesis of no QTL in the interval. Following convention, the likelihood ratio test statistics were converted to LOD scores (Lander and Botstein, 1989) . The test statistic is approximately 2 -distributed with the degrees of freedom given by the extra number of fitted parameters in the full model (Lynch and Walsh, 1998) , and was evaluated every centimorgan. The experiment-wise significance level for each analysis was determined by 1000 permutations in which phenotypes are shuffled against genotypes and the analyses redone (Churchill and Doerge, 1994) . In each permutation the highest test statistic was recorded, and these were ordered at the end of the permutations. The 95th percentile corresponds to an experimentwise significance level at ␣ = 0.05. The data follow a normal distribution (K-S Test: P = 0.336).
Comparison of QTL and clinal microsatellite locations
A previous survey of microsatellite allele frequency variation in natural populations along the latitudinal body size cline on the east coast of Australia revealed that, while most markers show a non-clinal pattern in the frequency of their most common allele (MCA), five loci showed a significant relationship between MCA frequency and latitude (Gockel et al, 2001) . To test the coincidence of identified QTL locations with the locations of the five clinal microsatellite loci we performed two resampling tests. These tests were adapted from Macdonald and who used them to compare QTL locations in different species. First, we divided the genome into 150 segments. We then summed the LOD scores of the segments that correspond to the position of the five clinal loci. To determine if this total was significantly greater than expected, we compared it with the summed LOD scores of five random segments in 10 000 simulations. Second, to focus only on location, we summed distance of the clinal segments to the nearest significant QTL peak, and then compared it with the summed distance of five random segments in 10 000 simulations. For both tests, a significant association between a QTL and clinal microsatellite locations was deemed to occur if the observed totals occurred outside of the upper or lower 95% confidence limits of the random distributions.
Results
Chromosome substitution
Wing areas of the chromosome substitution lines from each continent are shown in Figure 1 . On average, the substitution of a big chromosome 3 in a small background (SSB) accounts for 77% of the size difference between big and small. Substituting big X or second chromosomes into a small background (BSS, SBS) each account for 13% of the overall difference in size between big and small. Results for a least squares analysis are shown in Table 1 . In Australian and South American females all three chromosomes had a significant effect on body size, in males of both continents only chromosomes 2 and 3. In all cases chromosome 3 showed the largest effects. Significant interactions were found between chro- mosomes 2 and 3 and between all three chromosomes in the South American flies and between all three chromosomes in the Australian females. Australian males showed no significant interaction effects between chromosomes.
Phenotypic variation in the Australian F 3 generation A total of 178 adult females were retrieved from the 500 first instar larvae. Wing area varied between 0.78 and 1.46 mm 2 with a mean of 1.29 mm 2 (SD 0.091). Although the sizes of F 3 fly wings were intermediate between those of the parental lines, the results for these two generations are not directly comparable, because the measurements were taken at different times, and could therefore have been influenced by environmental factors such as minor variations in food composition.
During the process of mounting fly wings, the overall phenotype of each individual fly was also noted. A total of 16 flies showed a low level of pigmentation and were classified as 'runts'. Some of these flies also had a strikingly small body size. When wing area was measured, four of these runts had extremely small wings and were identified as outliers. All analyses were carried out for the remaining 174 individuals which now showed average and minimum sizes of 1.30 (SD 0.077) and 1.04 mm 2 , respectively.
QTL identified for wing area LOD values were calculated for wing area analysed by CIM (Figure 2 ). By using appropriate unlinked markers as cofactors, CIM partly accounts for the segregation variance generated by unlinked QTL, while the effects of linked QTL can be reduced by including markers linked to the interval of interest (Lynch and Walsh, 1998; Zeng, 1994) . Two major QTL areas were identified by CIM, one at the very distal end of chromosome 2 and one that spans the larger part of chromosome 3 to the right (Figure 2) . The LOD scores ranged between 15.73 and 17.17. Several smaller peaks with LOD scores ranging from 3.42 to 5.17 were detected on chromosome 2, and there was one on 3L. However, in many cases the valleys of these peaks did not fall below the significance value (3.1), so the actual number of QTL is unknown. No QTL were detected on the X chromosome. Reducing the density of markers on the 3rd chromosome, so they were more evenly spaced, did not improve the precision of the likelihood curve (data not shown).
Heredity QTL Cartographer (Basten et al, 1997 ) identified a total of 14 peaks, seven each on the 2nd and 3rd chromosome. Genetic and cytological peak locations and ranges are shown in Table 2 . The peak ranges were defined as the area marked by the lowest LOD scores adjacent to either side of an identified peak.
The long flat LOD curve, especially on chromosome three, is indicative of a large genomic area with reduced recombination. In Drosophila, and other invertebrate species, natural inversions do occur which could lead to a similar pattern in the likelihood curve and therefore confound the results of the QTL analysis. In the lines analysed in this study, there is evidence of recombination events in 13 individuals between markers DMU43583 and DMU43090, indicating that this region is not a single large inversion. However, it cannot be excluded that it holds one or a few small inversions that ultimately lead to a reduced amount of recombination for the whole area.
Co-localization of QTL and clinal microsatellite locations
Four out of five of the clinal microsatellite loci identified in Gockel et al (2001) fell within the range of a QTL peak. Two of these markers have also been used in this study (AC004579, DMTRXIII). MCA frequency at locus AC004579 (filled circle in Figure 3 ) significantly increased with latitude, but negative relationships with latitude were found for markers DMTRXIII, DMU25686 and AC008193, which are all located on the third chromosome. DMU25686 and AC008193 are in close proximity to each other (4 cM apart) and fall under the same peak range (peak 12; Table 2 ). DMTRXIII is further upstream and falls under the range of peak 10. AC004579 is located on the second chromosome and falls under the range of peak 3. With the exception of locus DMU14395, a trend can be seen towards clinal microsatellite markers that are located within genomic areas that contain QTL for a trait that shows clinal variation along the same gradient (bottom graphs in Figure 2 ). Despite this trend, however, resampling tests performed on both the summed LOD and summed distance to nearest QTL peak revealed that the locations of identified QTL and clinal microsatellite loci were not significantly associated. The summed LOD at the locations of the five clinal markers was 53.7, which was within the range of the 95% confidence intervals (CI) of the random distribution (summed LOD, 9.0 to 61.7). The summed distance to nearest QTL peak of the clinal markers was 5.0, which was also within the range of the 95% CI of the random distribution (sum distances, 0 to 121).
Discussion
In this study we have identified chromosomal and QTL effects associated with phenotypic natural variation in body size in D. melanogaster. We further propose a simple method of how QTL for clinally varying traits could be identified in natural populations. This method implies that genetic markers like microsatellites that are linked to a QTL for the trait under clinal selection will also show clinal variation in their allele frequencies.
Chromosome substitution
Chromosome three had the largest effect on body size in both the Australian and the South American cline, accounting for the majority of the body size differences
Heredity
Figure 2 LOD profile for wing area based on CIM mapping and experimentwise critical value threshold (3.1) for wing area. Peak numbers are indicated for CIM as in Table 2 . Triangles on the x-axis correspond to marker positions. Interval sizes correspond to map distances between markers in cM. Two markers (AC004579, DMTRXIII) that previously showed significant clinal variation along a latitudinal transect are indicated as black triangles. Underneath the LOD profiles are R 2 values for the most common alleles (MCA) at 19 microsatellite loci regressed over latitude analyzed in a previous study (Gockel et al, 2001 ; loci located only on the second and third chromosome). Loci for which latitude explained a significant proportion of the variation are shown as squares. between cline ends (approximately 77%). Whether this large effect is due to few genes with major effects or a large number of genes on the third chromosome with minor effects remains to be tested. The X and second chromosome also had significant but much smaller effects on body size in both continents. The similarities in the chromosomal basis of size variation in the two clines suggest that a large part of the response to selection may be achieved in a similar way in the two clines examined. In addition to the effects of individual chromosomes on body size, interactions between chromosomes also had an effect on size in the clines studied. Interactions occurred between X and second chromosome in South America and between chromosomes two and three suggesting epistasis among loci on different chromosomes. The difference in interactions between the continents support the results of a previous study which showed that there are differences in the epistatic component of body size between South America and Australia (Gilchrist and Partridge, 1999 ). Sex differences in chromosomal contribution to body size were also found. In contrast to females, male flies of both continents did not show significant X chromosome effects, indicating that the X chromosome played a greater role in producing latitudinal variation in female body size than it did in male body size in both continents.
QTL for body size in D. melanogaster
We analysed the Australian cline in more detail by crossing two inbred parental flies from the extreme ends of the cline and mapping QTL in the F 3 generation using a microsatellite map. Again, major effects were found on the third chromosome but also on the distal end of chromosome 2. These results confirm the results of the chromosome substitution analysis.
However, in contrast to the chromosome substitution, no QTL have been identified for the X chromosome. Despite the flat likelihood curves, QTL Cartographer (Basten et al, 1997 ) identified a total of 14 QTL peaks. Half of these peaks are located on the second chromosome and have minor effects. In most cases, the LOD curve between identified QTL peaks does not fall below the significance threshold. This effect is particularly obvious for peaks with large effect. It is therefore difficult to estimate how many QTL are falling exactly underneath each of these areas and to place confidence limits around localized QTL peaks. Unless a QTL is isolated, ie it is the only QTL in a particular interval and the flanking intervals lack QTL, methods like CIM cannot separate out the effects of multiple linked QTL (Whittaker et al, 1996) . In particular, if an interval contains multiple QTL, their effects and positions cannot be estimated and the correct number of QTL cannot be inferred (McMillan and Robertson, 1974 ). An increased number of intervals using a fine scale map should present a solution to this problem by isolating detected QTL and thereby clearly separating individual loci.
In experimental designs with relatively low power, eg, due to a low sample size, but with a large number of QTL it is likely that not all QTL will be detected. In such a scenario, the contributions of detected QTL can be overestimated (Lynch and Walsh, 1998) . In a simulation study Beavis (1994) showed that in such cases the distribution of observed effects are skewed, with a few loci having large estimated effects and the rest small to modest effects. It is therefore still possible that loci which contribute to phenotypic variation in body size are located on the X chromosome, as found in the chromosome substitution, but have not been detected in the mapping procedure due to the relatively low power of this analysis. Nevertheless, few of no QTL are often detected on the X chromosome in D. melanogaster, and may be a consequence of the lower overall number of genes per centimorgan on this chromosome (Noor et al, 2001 ). The 'small X effect' we report is unlikely to result from the properties of the QTL mapping algorithms, because we obtained very similar results in our chromosome substitution experiments.
Detecting QTL in natural populations
This study, like many other QTL analyses, aimed at inferring the genetic basis of body size variation from statistical estimates of changes of mean and variance due to crossing of parental flies that show a large phenotypic difference. However, to obtain a full understanding of the genetic architecture of a quantitative trait will require more fine-scale mapping to identify individual QTL, reliable estimates of QTL effects, genetic interactions (epistasis) as well as genotype-environment interactions and identification of loci that affect naturally occurring variation within and between populations of a single species and among species. In a previous study on the genetic structure of D. melanogaster populations along a body size cline in Australia five microsatellite loci have been identified that showed a significant relationship with latitude (Gockel et al, 2001 ). Four of these loci fall Heredity within the range of QTL peaks identified in this study. Clinality of such markers could be due to linkage disequilibrium with a QTL that it is under clinal selection. It is likely that, depending on the pattern of linkage disequilibrium and strength of selection, a number to markers in close proximity of the QTL show clinality. Identification of a cluster of clinally varying markers in a sample of natural populations could therefore offer a way to detect QTL for the trait under clinal selection. Two clinal markers (DMU25686 and AC008193) fall under the same QTL peak range on the third chromosome and are therefore good candidates to be linked to one or more loci in that area that are under clinal selection. Generally, a trend can be seen in that markers with an increased degree of clinality, ie, an increased proportion of variation due to the environmental gradient or cline, fall under identified QTL peak areas. However, our analyses of co-localization between identified QTL and clinal markers revealed no significant association. It may be that a larger set of markers or higher resolution QTL maps are needed for a more reliable significance test. Certainly the broad QTL peaks identified in this study are likely to have reduced the possibility of a significant result here. Clearly, it remains to be seen whether a dense map of informative markers in populations that show clinal trait variation along an environmental gradient can be used to detect QTL in non-model species with an otherwise restricted array of molecular tools.
As pointed out previously, the demographic history of microsatellites is the most likely alternative explanation to a selection-dependent process of clinal variation of allele frequencies (Gockel et al, 2001) . Therefore, information like colonization history and general population dynamics, if available, should also be taken into consideration for such association studies. Identifying clinal allele frequencies in natural populations with clinal trait variation can only be the first step in the analysis of QTL underlying such traits.
Future studies
The QTL peaks that have been identified here are not genetic loci but chromosome regions that contain one or more loci affecting body size. The size of the genomic region in which QTL are localized depends on the density of the markers and the scale of the experiment. Fine scale mapping should, as indicated above, provide a solution to some caveats of this study. It has to be noted however that very large numbers of recombination events are necessary to break up linked genomic regions to the level of genetic loci. Furthermore, a simulation study based on mouse body weight selection experiments showed that it is highly unlikely to obtain a significant correlation between two QTL studies if the variation in the trait is explained by large numbers of QTL and the experimental populations are not closely related (Keightley and Knott 1999) . Future fine scale mapping projects should therefore include replicate datasets to account for the possibility of segregating QTL. 
